We conducted a case-control study of sporadic bilateral retinoblastoma, which results from a new germline RB1 mutation, to investigate the role of parents' diet before their child's conception. Parents of 206 cases from nine North American institutions and 269 controls participated; of these, fathers of 184 cases and 223 controls and mothers of 204 cases and 260 controls answered a food frequency questionnaire administered by phone about their diet in the year before the child's conception. Cases provided DNA for RB1 mutation testing. We assessed parents' diet by examining 19 food groups. Father's intake of dairy products and fruit was associated with decreased risk and cured meats and sweets with increased risk. Mother's intake was not associated with disease for any food group. Considering analyses adjusted for the other food groups significantly associated with disease, energy intake, and demographic characteristics as well as more fully adjusted models, the associations with father's dairy products and cured meat intake were the most robust. In the fully adjusted, matched analysis, the odds ratios per daily serving were 0.70 (95% confidence interval (CI) 0.49-1.00, P = 0.047) for dairy products and 5.05 (CI 1.46-17.51, P = 0.01) for cured meat. The pattern of associations with paternal but not maternal diet is consistent with the fact that 85% of new germline RB1 mutations occur on the father's allele. As few human data exist on the role of diet in any condition resulting from new germ-cell mutation, additional studies will be needed to replicate or refute our findings.
INTRODUCTION
Children born with a new germline mutation in the RB1 gene have a 95% chance of developing retinoblastoma, a rare cancer of the embryonal retina. In this situation of unaffected parents and a de novo germline mutation, the disease is referred to as sporadic germline retinoblastoma; the majority of these children have bilateral disease. Sporadic germ-line retinoblastoma accounts for 30% of retinoblastoma in developed countries [Knudson, 1971] and is diagnosed in an estimated 100 children per year in the US [Knudson, 1971; Ries et al., 1999] .
Although the molecular events leading to this and other forms of retinoblastoma are well understood, the role of environmental exposures in these molecular events has largely been ignored. In animals, radiation and over 30 chemicals induce new germline mutations with deleterious effects on the offspring [Russell et al., 1981 [Russell et al., , 1998 Shelby et al., 1993] . However, studies of exposed human populations, i.e. atomic bomb survivors and cancer patients treated with radiation and mutagenic drugs, have not detected an effect [Bouffler et al., 2006;  Committee to Assess Health Risks from Exposure to Low Levels of Ionizing Radiation, 2006] . A consensus has recently emerged that the human germline is not resistant to mutagenic effects of environmental exposures but that limitations of previous research explain the discrepancy between animal and human studies [Elespuru and Sankaranarayanan, 2007; Wyrobek et al., 2007] . These limitations include the small size of study populations relative to the low baseline frequency of individual Mendelian disorders, the study of congenital anomalies as surrogates when only a small fraction result from new germline mutation, and the lack of practical ways to associate the time of origin of mutations with exposures [Elespuru and Sankaranarayanan, 2007] . Considering both the animal and human data, DeMarini concluded that ionizing radiation, chemotherapy, smoking, and air pollution can be considered human germ-cell mutagens, if one applies criteria similar to those that the International Agency for Research on Cancer uses to assess carcinogenicity, namely positive animal data in at least two species and/or repeated positive results in one, and in the absence of definitive human epidemiology evidence, human biomarker data strongly relevant to mechanistic data in animals. DeMarini predicts that genomic technology will soon result in the confirmation of these human germ-cell mutagens and the identification of others [Demarini, 2012] .
Food contains mutagens that might increase risk of germ-cell mutation based on evidence for their effects in somatic cells. For example, meat, which contains heterocyclic amines formed during cooking, and cured meats, which contain precursors of mutagenic N-nitroso compounds, might increase risk [Ferguson and Philpott, 2008] . Vitamin C and flavonoids might lower risk as they inhibit mutation. In addition to effects hypothesized based on evidence for somatic mutation, protective effects for dietary antioxidants, zinc and folate against germ-cell mutation have been hypothesized based on their roles in spermatogenesis and DNA synthesis and repair. Low folate was associated with aneuploidy in human sperm [Young et al., 2008] and abnormal maternal folate metabolism has been associated with Down syndrome, an aneuploid condition, in some but not all studies [James et al., 1999; O'Leary et al., 2002; Chango et al., 2005; da Silva et al., 2005] . However, aneuploidy arises through different mechanisms than the RB1 gene mutations that lead to retinoblastoma and, to our knowledge, there is no direct evidence that diet influences these mutations. Given the limited data on diet and germ-cell mutation, we choose to investigate diet broadly, by examining food groups.
The majority, about 85%, of the new germline mutations that result in retinoblastoma occur on the father's allele [Zhu et al., 1989; Dryja et al., 1997] . The small proportion of mutations of maternal origin might suggest that detection of effects of mothers' exposures will be difficult and that research should only examine the father's exposures. However, because we recently observed associations of sporadic germline retinoblastoma with both mothers' and fathers' exposure to medical radiation before the child's conception [Bunin et al., 2011a] , we investigated the diet of both parents. In animals, exposures can induce mutation in stem cell spermatogonia that persist throughout reproductive life as well as in later cell stages of spermatogenesis. Thus, the critical time period for human germ-cell mutation could be the 3 months before conception during which the spermatozoa develop or many years before conception if the stem cells are susceptible. For practical reasons, we studied parents' diet in the year before the child's conception. We report here the results for food groups of both mothers and fathers. Eligible patients were diagnosed with sporadic bilateral retinoblastoma from January 1998 to May 2006 and treated at a participating institution. We recruited controls who were friends or relatives of the case with a birth year within 2 years of the case's birth year and without a history of cancer. The study focused on paternal exposures since 85% of new RB1 mutations occur on the father's allele [Zhu et al., 1989; Dryja et al., 1997] and thus, we wanted a control group in which the case and control fathers were not biologically related. Therefore, when the control child was a relative rather than a friend, we choose families in which the control father was not a biological relative of the case father. This resulted in a control group consisting of both friends and relatives that was homogeneous in terms of the absence of a biological relationship between case and control fathers. We asked the case parents to enumerate friends and relatives with children from whom we chose those who fit the criteria. For each case, we attempted to recruit one to two friends and one relative.
MATERIALS AND METHODS

Institutional
To be eligible, cases and controls had to reside in North America, have at least one parent who spoke English or Spanish, and have at least one biological parent available for participation, i.e., not be adopted or in foster care.
We conducted telephone interviews with one or both parents of cases and controls to obtain information on diet, vitamin and mineral supplements, medical radiation, occupation, and smoking.
The analysis of occupational exposures is not yet complete and, thus, occupation is not considered in this report. We modified the Willett food frequency questionnaire (FFQ) [Willett, 1998a] Parents who were not able or willing to complete the full interview were offered a shortened version of the questionnaire that did not include the FFQ.
Mutation Detection RB1 mutation analysis was performed for 190 of the cases as described previously [Richter et al., 2003; Nichols, 2005] . All 27 exons of RB1, including the flanking intronic regions, were sequenced by the polymerase chain reaction (PCR) method using DNA isolated from peripheral blood lymphocytes. When a missense mutation was identified that was novel, i.e., not previously reported in retinoblastoma, a set of 50 control DNA samples were examined for the same alteration to determine whether it was a polymorphism or a disease-causing mutation. Large deletions and rearrangements were detected by quantitative-real time PCR assays designed for each individual exon of RB1, including the promoter and 3' untranslated regions. All observed mutations were confirmed by repeat analysis using an independently isolated sample of DNA.
When a RB1 mutation was found, we screened the child's parents for the same mutation; 359 parents provided DNA for this purpose. When a parent carried the mutation found in the child, the child had familial retinoblastoma and was ineligible for the study. Of cases with complete sets of samples, 6.5% were found to have familial retinoblastoma or were mosaic for the mutation. Therefore, of the 37 cases without complete sets of samples, we estimate that 2 (6.5%) did not have a new germline RB1 mutation. We included these 37 cases in our study because of the low level of misclassification.
Mutations were categorized as transitions (substitution of a purine for the other purine or a pyrimidine for the other pyrimidine) at CpG sites; other transitions, i.e. at non-CpG sites; transversions (substitution of a purine for a pyrimidine or pyrimidine for a purine); frameshifts (insertions or deletions of <100 base pairs), and large deletions/rearrangements.
Statistical Analysis
We compared demographic and other characteristics of cases and controls using v 2 tests for categorical variables and t-tests for continuous variables. Pearson correlations between pairs of food groups were calculated. The mutation type and base change of the disease-causing mutation in RB1 were compared between extreme quartiles of selected food groups. As the numbers in some cells were small, we calculated exact P's for v 2 test using Monte Carlo simulations [Agresti, 1992] .
We assessed the association between diet and risk of retinoblastoma in two ways. We conducted analyses restricted to the matched case-control sets ("Case-control sets") using conditional logistic regression. This analytic approach accounts for the nonindependence of cases and controls in the matching factor and, in this study, in other factors that are shared among friends/relatives; it is the epidemiologically rigorous way to analyze the data given the matched design. However, since a substantial proportion of cases did not have controls, we also compared all cases and all controls ("Complete population") using logistic regression as the most inclusive analysis.
For 19 food groups, the total number of servings per day was calculated by summing the number of servings per day of the constitutive foods. The food groups and the number of items included in each were: fruit (6), citrus fruit (2), dairy (7), vegetables excluding potatoes (14), cruciferous vegetables (2), green leafy vegetables (2), yellow vegetables (4), tomatoes and tomato sauce (2), legumes (3), meat and seafood (14), poultry (2), fresh red meat (4), cured meat (3), seafood (5), shellfish (3), other fish (2), grains (8), fats (4), sweets including beverages (9), fried food (4), and alcohol (3). (The appendix lists the food items in each food group.)
We analyzed intake of individual food groups as continuous variables. We also performed analyses by quartile of intake, which provided similar results and are not presented here.
Individual food groups were analyzed for mothers and fathers separately and adjusted for a minimal set of other variables, namely child's birth year (the matching factor) and the possible confounders of race/ethnicity (non-Hispanic white, other), education level (not a college graduate, college graduate), and energy intake (total calories). The food groups that were significantly associated with disease were then analyzed further by including all those food groups in a single model. For these analyses, we present a minimally adjusted model that includes father's race/ethnicity, father's educational level, child's birth year, and father's energy intake, as well as a "fully adjusted"model that includes all the significant food groups, the covariates in the minimally adjusted model, and additional covariates selected by stepwise procedure from among the following: mother's educational level, father's smoking (nonsmoker, 1-10 cigarettes/day, >11 cigarettes/ day), mother's smoking (nonsmoker, 1-10 cigarettes/day, >11 cigarettes/ day), mother's use of the following supplements in the year before conception: multivitamin, vitamin C; father's use of the following supplements in the year before conception: multivitamin, vitamin C, vitamin E, calcium; father's dose of gonadal medical radiation before the child's conception (0, 1-49 mGy, >50mGy), mother's dose of gonadal medical radiation before the child's conception (0, 1-24 mGy, >25 mGy). We performed analyses to assess interaction between selected food groups by including a multiplicative interaction term in the model.
STATA/IC version 10.0 was used to perform conditional logistic regression and SPSS version 16.0 for unconditional logistic regression of food groups considered one at a time. The simultaneous analyses of multiple food groups (minimally adjusted model and fully adjusted model using stepwise selection) and the calculation of exact P's for contingency tables were performed using SAS version 9.2. Statistical significance was defined as two-sided P < 0.05.
RESULTS
Recruitment and Characteristics of Cases and Controls
Participating institutions identified 236 patients. Patients were excluded for the following reasons: biological parent not available due to foster care or adoption (n = 2), neither parent spoke English or Spanish (n = 5), inability to locate (n = 1), physician requested no contact (n = 2), parents refused (n = 9), mutation testing showed an inherited RB1 mutation or mosaicism (n = 11). The mother (n = 204) and/or father (n = 203) of the remaining 206 patients were interviewed for the study.
The details of the control recruitment have been published previously [Bunin et al., 2011b] and will be summarized briefly here. Although we aimed to recruit one relative and one to two friend controls per case, some families were unable or unwilling to nominate any controls. The other case families each nominated one to three friends and relatives for a total of 374 potential controls. Of the 374 potential control children, mothers of 263 (70%) and fathers of 247 (66%) completed interviews. The majority of controls who were not interviewed actively or passively refused; 12 control children were ineligible. We recruited at least one control parent for 146 (71%) of the 206 case families.
Of the 203 case fathers, 19 did not provide information on diet because they completed the shorter questionnaire, 55 had no interviewed control, and 7 had one or more controls but none with diet information. Of the 247 interviewed control fathers, 17 did not provide diet information and 7 were controls of cases without diet information. Two additional case fathers who did not have controls were excluded from the complete population because of improbable energy intake (>6,000 or <500 kcal/day (Table I) .
Case and control children were similar in birth year, the matching factor. Control parents were more likely to be non-Hispanic white, have at least a college education, have a higher income, be married, and be a nonsmoker compared with cases. When only the case-control sets were considered, case parents and control parents were similar in race/ethnicity, marital status, age at the index child's birth, and income (Table I ), but they differed in father's educational level and mother's smoking.
Food Groups
In analyses of the complete population and of the matched sets, father's intake of dairy products was significantly inversely associated with retinoblastoma in his child (Table II) .
Father's intake of the general group of meat and seafood and of the subgroup cured meats (bacon, hot dogs, and processed meats) showed significantly increased ORs in the complete and matched analyses, with larger ORs and smaller P's for cured meats. The elevated OR for meat and seafood overall appeared to reflect the larger OR for cured meats and thus, we did not further consider the main category. Father's fruit intake was associated with decreased risk, which was significant for only the matched analysis. For sweets, a significantly increased OR was observed in only the matched analysis. The OR for seafood was nonsignificantly elevated and appeared to result from an increased and imprecise OR for shellfish (data not shown). For the remaining food groups including subgroups of fruits and vegetables, no noteworthy ORs were observed (data not shown for the fruit and vegetable subgroups).
Among the food groups with elevated ORs, dairy and fruit were significantly correlated (r = 0.21, P < 0.001), as were cured meats and sweets (r = 0.24, P < 0.001). Dairy was only weakly correlated with cured meats and sweets (r = 0.10, P = 0.05 for both).
Mother's intake was not significantly associated with disease for any of the food groups including the fruit and vegetable subgroups (Table III) . Most of the ORs were close to 1.0. For cured meats, the ORs were somewhat, but not significantly, increased.
To further explore the observed associations, we simultaneously analyzed the food groups that were statistically significant in the complete population and/or the matched analysis, namely father's dairy, fruit, cured meat, and sweets intake (Table IV) . In the minimally adjusted models, the associations with father's dairy, cured meat, and sweets intake remained similar in magnitude and significance to the analyses of single food groups. However, the association with fruit was attenuated and no longer statistically significant. In the fully adjusted models, the association with dairy intake was significant in both the complete population and matched sets analyses, with ORs of 0.7 to 0.8. Cured meats and sweets were significant in the matched sets analyses only, and fruit was not significant in either analysis. There was no evidence of interaction between cured meats and either fruit or citrus fruit intake.
We explored the possibility of interaction of food groups with paternal smoking and age, two factors associated with germline mutation. Associations with cured meat and dairy occurred in nonsmokers but not among the small group of smokers (58 cases, 45 controls). In fathers above the median age of our study population, the associations with cured meat and dairy were stronger than in the younger fathers. The interaction terms of smoking and paternal age with each of the two food groups were not statistically significant.
RB1 Mutation
Mutation type and base change did not differ significantly between cases in the lowest and highest quartiles of intake of dairy, cured meat, fruit, and sweets (Tables V and VI) . Two nonsignificant differences were noted. The proportion of transversions varied by level of sweets intake. In the groups associated with high risk, i.e. high cured meat, low dairy, low fruit, and high sweets intake, there was an excess of G to A mutations; the difference was largest between low and high dairy intake (Table VI) .
DISCUSSION
We observed an association of the father's more frequent consumption of dairy and fruit with lower risk of sporadic bilateral retinoblastoma in his child. Father's more frequent consumption of cured meat and sweets was associated with increased risk. The findings for dairy and cured meats are the most compelling because the associations showed more consistent statistical significance in analyses that adjusted for confounders and in both the complete population and the matched sets.
Mother's diet as assessed by food groups was not significantly associated with risk.
[ Table 1] [ (Table IV) . Despite the robustness of the observation, a mechanism is not obvious. Individuals with high intake of dairy foods have a reduced risk of colorectal cancer, which may reflect effects of calcium and/or vitamin D [Pufulete, 2008] . Calcium and vitamin D may act against colorectal cancer by inhibiting cell proliferation, sequestering bile acids, and regulating growth factors and cytokines, mechanisms which do not seem relevant to retinoblastoma resulting from a new germline mutation [Pufulete, 2008] . Other components of dairy foods have been studied to a lesser extent. Based on evidence from cell culture and animal experiments, a recent review concluded that whey protein, a heterogeneous group of proteins that comprises about 20% of the protein in milk, has the potential to reduce the risk of cancer [Parodi, 2007] . Whey's anticancer effect has been observed mostly for colon and breast tumors in animals and may result from its ability to increase synthesis of glutathione.
Glutathione acts in several ways that could potentially reduce mutation. For example, it participates in the destruction of reactive oxygen species, the detoxification of some carcinogens, and the maintenance of ascorbic acid in its reduced, antioxidant state. Thus, although the inverse association we observed with father's intake of dairy foods needs replication, some data support its biologic plausibility.
The other compelling finding was the association of father's intake of cured meats with increased risk in the single food group analyses and the multiple food group analyses, except for the fully adjusted model in the complete population. The ORs were much higher in the matched analyses with ORs of about 5 compared with the unmatched ORs of about 2. The matched analyses might reflect better adjustment of confounders or enhanced random variation due to smaller numbers.
The association with cured meat has biologic plausibility. Cured meats are processed with sodium nitrite, which can combine with amines and amides to form N-nitroso compounds (NOCs) [Lijinsky, 1992] . Cured meats can also contain already formed NOCs [Lijinsky, 1992] , many of which are potent mutagens in animals, including in germ cells. In fact, researchers use one NOC, N-ethyl-Nnitrosourea, to induce germ-cell mutations in male mice, leading to its distinction as the "supermutagen"of the mouse germline [Probst and Justice, 2010] . Vitamin C inhibits NOC formation from precursors [National Academy of Sciences, 1981 ], but we did not observe an effect of citrus fruit, which is rich in vitamin C, nor did we observe an interaction between fruit or citrus fruit and cured meats. It has been suggested that vitamin C and the cured meats have to be eaten together for the protective effect, and our study did not collect the information necessary to assess this.
If paternal diet affects risk of germline mutation, it would be important to know if it acts additively or synergistically with other mutagens. Although our study was not designed to address this question, we explored the possibility of interaction of diet with paternal age and smoking. The effects of cured meats and dairy were limited to nonsmokers, but the number of smokers was small and the interaction was not statistically significant, indicating the difference between smokers and nonsmokers is likely to have occurred by chance. Older fathers have an increased risk of having a child with a de novo mutation for some genetic conditions, but for retinoblastoma, the paternal age effect is likely small or nonexistent [Moll et al., 1996] .
Nonetheless, we explored the question of interaction. The effects of dairy and cured meats appeared to be stronger among older compared with younger fathers, but the interaction was not significant. The possibility of interactions among possible germ-cell mutagens should be explored further.
Although a significant inverse relationship with paternal fruit consumption was observed in the matched analysis of single food groups, fruit was not statistically significant in any of the multiple food group analyses. We might have expected to observe an inverse association with fruit, as these foods contains vitamin C and other antioxidants which can inhibit mutagenesis in vivo and in vitro [Gaziev et al., 1995; Duthie et al., 1996; Odin, 1997] . In addition, seminal fluid contains concentrations of vitamin C six times higher than those in blood, and oxidative damage was observed to increase when vitamin C in seminal fluid was depleted by a controlled diet [Fraga et al., 1991] . Based on these observations, vitamin C has been hypothesized to protect sperm against oxidative DNA damage [Woodall and Ames, 1997] . However, our data do not support this hypothesis, as we did not see a convincing association with fruit or with the subgroup of citrus fruit, which is particularly high in vitamin C.
Father's intake of sweets was associated with increased risk, but only in analyses of the matched sets. As the analyses of matched sets are the most epidemiologically rigorous, these results are consistent with an effect of sweets. Sweets are high in both sugar and fat and promote weight gain and obesity. Obesity is associated with several types of cancer and may act through hyperinsulinemia, inflammation, or other mechanisms. More relevant to sporadic germline retinoblastoma, obesity in male mice was observed to exacerbate the effect of an environmental toxicant on germline mutation [Ghanayem, 2010] . Although there is evidence linking high sugar and fat intake to obesity and obesity to cancer and germline mutation, our data are not consistent with an effect of obesity on risk of retinoblastoma as case and control Environmental and Molecular Mutagenesis. fathers did not differ in body mass index. The association with sweet intake among fathers was inconsistent across analyses and may have been a chance finding.
The mutation spectra did not differ dramatically by father's level of intake of the food groups associated with risk. G to A transitions were somewhat more common in the higher risk groups, with a generally larger difference for the food groups with the more robust findings, namely dairy and cured meats. The differences were based on very small numbers and were not statistically significant. A strong correlation between mutation spectrum and exposure would have made our findings more convincing. In geographic areas with high aflatoxin exposure, about 45% of liver cancers have the signature mutation compared with 1% in low aflatoxin areas [Smela et al., 2001; Pfeifer et al., 2002] . Clearly, we did not observe this level of specificity with diet. In lung cancers of smokers, about 30% have a G to T transversion in p53 compared with 12% in nonsmokers [Pfeifer et al., 2002; Smela et al., 2001] . The specificity we observed for dairy and cured meats is similar but based on such small numbers that we can draw no conclusions. The study of additional families will help clarify our findings.
Overall, our results suggest a role for paternal diet but not maternal diet in the etiology of new germline mutations in the RB1 gene. The effect of paternal but not maternal diet on risk is consistent with the fact that 85% of new germline RB1 mutations occur on the father's allele [Zhu et al., 1989; Dryja et al., 1997] . Our findings are consistent with an effect at any stage of spermatogenesis. We studied diet in the year before the child's conception, a time period that encompasses the complete process of spermatogenesis, which is about 3 months long [Clermont, 1972] . In animals, radiation and chemicals induce germline mutations at all stages of spermatogenesis, including stem cell spermatogonia, which persist throughout reproductive life [Russell, 1994] . As adult diet is fairly stable, our findings do not rule out an effect beyond the 1 year interval that we studied. The stability of adult diet also implies that observational studies are unlikely to pinpoint a critical time period.
The major strength of our study was our ability to limit it to cases resulting from one mechanism, namely new germline mutation. Nearly all patients with an inherited mutation could be excluded by mutation testing of the child followed by screening of the parents for the same mutation. Although smaller than most cancer epidemiology studies, our study is large for a study of sporadic germline retinoblastoma or of another condition caused by new germline mutation, and we do not know of a larger one.
Our study also has weaknesses. Its case-control design mandated assessment of diet in the past.
Parents reported their diet a median of 4.5 years in the past, with a range of 1 to 15 years. Adult diet is reasonably well reported up to 10 years in the past, but not as well as current diet [Willett, 1998b] . In the best of circumstances, the assessment of diet using a FFQ is subject to substantial measurement error [Kristal et al., 2005] . Nondifferential measurement error generally reduces the power to detect associations and, thus, we may have missed some associations. As in many case-control studies, recall, interviewer, and selection bias might also have affected our results.
If parents of cases recalled their diet differently compared with parents of controls, recall bias may have affected our results in ways that either produced spurious findings or masked true associations. The interviewers were not blinded to whether subjects were cases or controls, and this knowledge may have affected how they administered the questionnaire. Selection bias resulting in a nonrepresentative case or control group may also have affected our study results, since our study was hospital based, not population based. Further, the unintentional close matching of cases and their friend/relative controls on socioeconomic status and parental age may also have produced bias that masked a true association. It is also possible that parents chose more health-conscious friends and relatives to nominate as controls or that more health conscious individuals chose to participate as controls, which could produce protective associations with components of a healthy diet. However, the observed findings were for specific food groups rather than for multiple categories of healthy and unhealthy foods. For example, we observed associations with fruit but not vegetables, for dairy products but not fish, and for cured meats but not red meats overall. If selection bias among controls or recall or interviewer bias explained the results, we might have expected to see associations for related food categories, such as both fresh red meat and cured meat, and both fruit and vegetables. Finally, we performed many statistical tests and some results may have occurred by chance alone.
In conclusion, we observed associations between father's diet before his child's conception and risk of retinoblastoma in his child that results from a new germline mutation. These results fit the molecular data that most of these mutations have a paternal origin. We know of no other study of diet in relation to retinoblastoma or other conditions that result from new germ-cell mutation.
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